Objective: This study aimed to examine whether brown adipose tissue (BAT) or skeletal muscle activity mediates the relationship between personal level of environmental temperature (Personal-ET) and wrist skin temperature (WT). Moreover, we examined whether BAT and skeletal muscle have a mediating role between Personal-ET and WT (as a proxy of peripheral vasoconstriction/vasodilation). Methods: The levels of BAT were quantified by cold-induced 18 F-fluorodeoxyglucose-positron emission tomography/computed tomography scan and measured the Personal-ET and WT by using iButtons (Maxim Integrated, Dallas, Texas) in 75 participants (74.6% women). Results: The study found that BAT volume and metabolic activity played a positive and significant role (up to 25.4%) in the association between Personal-ET and WT. In addition, at the coldest temperatures, the participants with lower levels of WT (inducing higher peripheral vasoconstriction) had higher levels of BAT outcomes, whereas in warm temperatures, participants with higher levels of WT (inducing higher peripheral vasodilation) had lower levels of BAT outcomes. The study did not find any mediating role of skeletal muscle activity. Conclusions: BAT volume and metabolic activity play a role in the relationship between Personal-ET and WT. Moreover, the data suggest that there are two distinct phenotypes: individuals who respond better to the cold, both through nonshivering thermogenesis and peripheral vasoconstriction, and individuals who respond better to the heat.
Introduction
The regulation of core body temperature is one of the most critical functions of the human body (1) . Core body temperature is regulated by behavioral and physiological mechanisms (1, 2) . Behavioral strategies are voluntary and oriented responses that help to maintain core body temperature, such as modifying posture, wearing clothing in winter, or using cold air conditioning in summer (2) . On the other hand, physiological mechanisms are involuntary responses that generate or dissipate heat. In mammals, four physiological mechanisms are particularly involved in thermoregulation (1): (i) water evaporation (sweating), (ii) control of the skin blood flow, (iii) nonshivering thermogenesis (NST), and (iv) shivering thermogenesis. These mechanisms constantly interact, and their main aim is to keep the core body temperature in a normal range.
Skin temperature is a feed-forward mechanism of the thermoregulatory system (1) . When a change in the ambient temperature is detected by skin thermoreceptors, these trigger thermoregulatory responses that prevent any change in core body temperature (3) . When humans are exposed to warm environments, peripheral blood vessels are dilated in order to promote heat loss (vasodilation), whereas in cold environments, peripheral blood vessels are constricted to prevent heat loss (vasoconstriction) (1) . In animals, the engagement of specific thermoregulatory strategies is hierarchical (4) . For instance, vasoconstriction occurs before NST because vasoconstriction energy efficiency is higher than NST activation, at least in mouse models (4, 5) . However, whether skin blood flow regulation mechanisms work hierarchically or concomitantly with NST activation or inhibition has not yet been studied in humans.
Both brown adipose tissue (BAT) and some skeletal muscles were shown to play a role in NST (6) . BAT is a specialized tissue for the rapid production of heat when the body is exposed to cold temperatures, which is mediated by the action of the uncoupling protein 1 (7) . In humans, BAT is mainly metabolically active upon cold exposure (8) (9) (10) . However, BAT consumes large quantities of energy in small mammals, although its contribution to NST in humans seems to be negligible, given that skeletal muscle is the main effector of NST (6, 11, 12) and shivering (muscle contractions) during cold exposure (13, 14) . However, the contribution of BAT and skeletal muscle in the regulation of thermogenesis is largely unknown (6, 15) . Moreover, BAT has been associated with the personal level of environmental temperature (Personal-ET) and wrist skin temperature (WT) in humans (16) as surrogate markers of ambient exposure and skin blood flow mechanisms (17) . Because BAT is a tissue that generates heat, the activation of this tissue upon cold exposure could be reflected in body skin temperature, which in turn can be measured by WT.
Based on the aforementioned data, we studied the mediating role of BAT and skeletal muscle activity (assessed by cold-induced 18 F-fluorodeoxyglucose [ 18 F-FDG] uptake) between Personal-ET and WT in young healthy adults for 7 days (24 h/d). In order to understand the physiological mechanisms, we examined whether the association of the number of hours exposed to a certain Personal-ET with BAT and skeletal muscle 18 F-FDG uptake is mediated by WT as a surrogate marker of skin blood flow mechanisms (17, 18) .
Methods
A total of 90 (n = 65 women) healthy adults aged 21.9 (SD 2.3) years participated in the present study ( Table 1) . The participants were enrolled in the Activating Brown Adipose Tissue Through Exercise (ACTIBATE) study (19) , an exercise-based randomized controlled trial (ClinicalTrials.gov identifier NCT02365129). All participants were nonsmokers, were not enrolled in a weight loss program, had a stable body weight (body weight changes < 3 kg) over the previous 3 months, were not physically active (< 20 minutes on < 3 d/wk), did not take any medication, had no acute or chronic illness, and reported not being regularly exposed to cold. We included healthy participants from 18 to 25 years of age with a body mass index (BMI) range from 18 to 35 kg/m 2 . The study was conducted in Granada (southern Spain) between October and November in 2015 and 2016. The study protocol and informed consent procedure were conducted in accordance with the Declaration of Helsinki (revision of 2013), and they were approved by the Human Research Ethics Committee of both the University of Granada (number 924) and the Servicio Andaluz de Salud (Centro de Granada, CEI-Granada). Written informed consent was obtained from all of the participants.
WT and Personal-ET measurements
All participants wore two iButtons at the same time (DS1922L, Thermochron; resolution: 0.0625°C; frequency: 10-minute intervals; Maxim Integrated, Dallas, Texas) for 7 days and 24 h/d. One iButton was placed on the ventral side of the wrist of the nondominant hand over the radial artery with a wristband in order to determine WT. We instructed the participants to wear the iButton on the wrist for the whole day (even when asleep) and to take it off only when bathing or swimming. WT is a representative marker of `distal skin temperature and skin blood flow mechanisms (17, 18) . A second iButton was attached to a plastic fob and was used to quantify the Personal-ET. This iButton remained with the participant at all times but was never in direct contact with the body (20) or under clothing. Therefore, Personal-ET represents which temperature the participants were exposed to and the duration of this exposure. We recently showed that WT and Personal-ET are strongly related to human BAT (16) . All iButtons were programmed and analyzed with Temperatus software (Promoting Fitness & Health Through Physical Activity Research Group, University of Granada; http:// profith.ugr.es/temperatus?lang=en). We calculated an average of the valid recordings for the 7 days for both WT and Personal-ET separately (16) . 
Personalized cooling protocol
The personalized cooling protocol has been explained in detail elsewhere (21) . Briefly, the participants entered a mildly cold room (around 19.5°C), and they were asked to wear a water-perfused cooling vest (Polar Products Inc., Stow, Ohio). We determined the participants' shivering threshold, reducing the water temperature gradually until shivering occurred. Shivering was determined both visually by researchers and by self-report of the participants. After 48 to 72 hours, we exposed the participants to 2 hours at their personalized temperature to induce maximum NST (above ~4°C) (22) . After 1 hour of cold exposure, we injected a bolus of 18 F-FDG (~185 MBq), and we increased the water temperature 1°C in order to prevent shivering. After 2 hours of cold exposure, we performed the positron emission tomography (PET)/ computed tomography (CT) scan from the atlas vertebra to the thoracic vertebra 6. The evaluations were performed in four different weeks during 2 months (from October to November 2016) in Granada.
Quantification of 18 F-FDG uptake by BAT and skeletal muscle
We quantified BAT volume and activity following the recently published recommendations (23) . PET/CT images were analyzed using the Beth Israel plugin (http://sourceforge.net/projects/bifijiplugins/) for FIJI (21) software (ImageJ, NIH, Bethesda, Maryland) by author BMT with the supervision of a nuclear medicine physician. We applied an individualized standardized uptake value (SUV) threshold (1.2 / [lean body mass / body mass]) (23) with a fixed range of Hounsfield units (−190 to −10). We quantified BAT volume and activity (i.e., SUV mean and SUV peak ). We computed BAT metabolic activity as BAT volume × SUV mean (21) and computed 18 F-FDG uptake by using a reference tissue (descending aorta). We quantified 18 F-FDG uptake (SUV peak ) of several skeletal muscles between the atlas vertebra and the thoracic vertebra 4. We drew a single region of interest from one slice in the paracervical, sternocleidomastoid, scalene, Longus colli, trapezius, parathoracic, supraspinatus, subscapular, deltoid, pectoralis major, and triceps brachii muscles from both the left and right sides of the body (11, 24) . An average of both sides, including all skeletal muscles, was calculated in order to obtain a single representative value of the skeletal muscle glucose uptake of the upper part of the body. Our protocol has shown a high interobserver reliability, regardless of the threshold applied to quantify BAT (25) .
Body composition
Body composition was assessed on a separate day by dual-energy x-ray absorptiometry (Discovery Wi; Hologic, Inc., Marlborough, Massachusetts) (19) . The participants' weight and height were measured without shoes and while wearing a T-shirt and shorts using a SECA scale and stadiometer (model 799; Electronic Column Scale, Hamburg, Germany), and we calculated BMI (weight in kilograms divided by height in meters squared).
Statistical analysis
The descriptive characteristics of the study sample are presented as the mean and standard deviation unless otherwise stated. There was no sex interaction (all P > 0.10) in any of the study variables; thus, we conducted the analyses in men and women together.
To quantify the mediating role of BAT volume, activity (i.e., SUV mean and SUV peak ), metabolic activity, and skeletal muscle activity in the relationship between Personal-ET and WT, we conducted mediation analyses (26) . In addition, we tested the mediating role of WT on the association of the number of hours per day exposed to a certain Personal-ET with BAT volume and activity and with skeletal muscle activity. We used the PROCESS macro version 3.0, model 4 with 5,000 bias-corrected bootstrap samples and 95% confidence intervals. Bootstrapping is a nonparametric resampling procedure that does not require the assumption of normality of the sampling distribution (27) . The mediation was estimated using the indirect effect, which indicates the change on the effect of the independent variable on the outcome that can be endorsed to the proposed mediator. Indirect effects (a × b paths) with confidence intervals not including zero are interpreted as statistically significant (28), which could occur regardless of the significance of the total effect (c path, effect of the independent variable on the dependent variable) and the direct effect (c' path, effect on the dependent variable when both the independent and the mediator variables are included as independent variables) (26) . To quantify how much of the total effect was due to the mediation, we calculated the percentage of mediation ([indirect effect / total effect] × 100) provided when the total effect was larger than the indirect effect with the same direction (26) . All the analyses were performed using SPSS Statistics for Windows version 22.0 (IBM Corp., Armonk, New York), and the level of significance was set at P < 0.05.
Results Table 1 shows the characteristics of the participants. A total of 15 out of 90 participants were excluded because less than five valid days of temperatures had been recorded. A total of 75 participants (74.6% women) were finally included in the analyses, with 6.3 ± 0.5 valid days.
Mediating role of BAT Figure 1 shows the mediating effect of BAT volume, activity (i.e., SUV mean and SUV peak ), BAT metabolic activity, and skeletal muscle activity (SUV peak ) in the relationship between Personal-ET and WT. Personal-ET was positively associated with WT (c path = 0.0763; P = 0.0014) and negatively associated with BAT-related outcomes (volume, SUV mean , SUV peak , and metabolic activity, a path; all P < 0.001; Figure 1A -1D) and skeletal muscle activity (a path; P = 0.0023; Figure 1E ). BAT-related outcomes and skeletal muscle activity were not significantly associated with WT (b path). After including the mediator variables in the model (Figure 1 , c' path; all P < 0.05), the direct effect of Personal-ET on WT remained statistically significant. The percentages of mediation of BAT volume and metabolic activity in the relationship between Personal-ET and WT were 25.4% and 23.9%, respectively. However, we did not observe any mediating effect of BAT activity (i.e., SUV mean and SUV peak ) and skeletal muscle activity in the relationship between Personal-ET and WT ( Figure 1B-1C and  1E ). These results persisted after controlling for sex, BMI, fat mass index (FMI), lean mass index (LMI), or level of objectively measured physical activity by accelerometry (data not shown). Furthermore, we repeated the analyses using BAT-related outcomes as well as skeletal muscle activity multiplied by lean body mass percentage (29) , and the results remained unchanged (data not shown). Figure 2A shows the mediating effect of WT in the relationship between the number of hours exposed to a certain Personal-ET Obesity | VOLUME 27 | NUMBER 6 | JUNE 2019 www.obesityjournal.org
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The Mediator Role of BAT Martinez-Tellez et al. and BAT-related outcomes (volume, SUV peak , and metabolic activity). The number of hours per day exposed to a warm Personal-ET was negatively associated with BAT volume (from 25°C to 28°C; c path; all P < 0.05) and positively associated with WT (from 24°C to 27°C; a path; all P < 0.05) (Supporting Information Table S1 ). WT was also negatively associated with BAT volume at this temperature range (b path; all P < 0.05). The direct effect was significant only when examining the number of hours per day exposed to temperatures ≥ 26°C (c' path; all P < 0.05) (Supporting Information  Table S1 ). WT showed the highest percentage of mediation (57%) in the relationship between the number of hours exposed to 24°C and BAT volume in comparison with other ranges of warm temperatures ( Figure 2E ). In addition, we observed that the number of hours per day exposed to a cold Personal-ET was positively related to BAT volume (from 14°C to 20°C; c path; all P < 0.05) and negatively associated with WT (from 16°C to 20°C; a path; all P < 0.05) (Supporting Information Table S2 ). WT was negatively associated with BAT volume (b path; P < 0.05), and the association between the number of hours exposed to cold temperatures (from 16°C to 19°C) and BAT volume persisted after including WT as a mediator (c' path; both; all P < 0.05). The sign of the indirect effect changed during the ambient exposure, being positive during cold ambient exposure and negative during warm ambient exposure ( Figure 2B-2G) . Moreover, when the participants were exposed to a certain range of temperatures in the thermoneutral zone, WT did not play a mediating role in BAT volume (from 21°C to 23°C, Figure 2B and 2E). The mediation analyses were performed for the number of hours exposed to each degree of Personal-ET, showing that the mediating effect disappeared at temperatures ≥ 28°C or ≤ 14°C, probably because of a lack of statistical power at these ranges (small number of participants exposed to these extreme temperatures). The mediating role of WT was also observed in the relationship between Personal-ET and BAT activity (i.e., SUV peak and metabolic activity; indirect effect in Figure 2C -D and percentage of mediation in Figure 2F -G; see Supporting Information  Tables S2-S3 for further details). Furthermore, we did not find a mediating effect of WT on the association of the number of hours exposed to a certain Personal-ET with SUV mean and skeletal muscle activity (data not shown), nor did we find a mediating effect in upper (> 29°C) and lower (< 13°C) ranges of temperatures because of the lack of statistical power in these ranges (data not shown). The results persisted after controlling by sex, BMI, LMI, FMI, or date when the evaluation was performed (data not shown). Overall, the results persisted when we repeated all the analyses excluding data regarding the temperature ranges, for both WT and Personal-ET, when the participants were asleep (data not shown). Moreover, we repeated the analyses using other classifications of skeletal muscle (11) activity (SUV peak ), and the absence of a mediating role of this tissue persisted (data not shown).
Discussion
The present study quantifies for the first time, to our knowledge, the mediating role of human BAT and cold-induced skeletal muscle activity in the relationship between Personal-ET and WT as an indirect proxy of skin blood flow (17) . Intriguingly, the results show that BAT volume and metabolic activity mediate up to 25.4% of the association between Personal-ET and WT. Moreover, the results indicate that the association of the number of hours exposed to a certain Personal-ET with BAT volume, SUV peak , and metabolic activity is mediated by WT at temperatures from 14°C to 20°C and from 24°C to 28°C, but not in the thermoneutral zone, as expected. We did not find a mediating role of human skeletal muscle or a relationship between WT and skeletal muscle. We also found that the participants with lower WT (inducing higher peripheral vasoconstriction) at the coldest temperatures had higher levels of BAT volume, SUV peak and metabolic activity, whereas the participants with higher WT (inducing higher peripheral vasodilation) at the warmest temperatures had lower levels of BAT volume, SUV peak , and metabolic activity. These findings show how WT (as a proxy of blood flow (17) ) is related to BAT volume and activity (SUV peak ) in young adults. However, further studies are needed to elucidate the possible mechanisms behind these relationships.
Mediating role of BAT
We show that both BAT volume and metabolic activity have a mediating role in the relationship between Personal-ET and WT measured in daily living conditions independent of sex, BMI, LMI, FMI, and level of physical activity. This indicates that participants exposed to the same Personal-ET over the 7 days have different WTs, which is explained, at least in part, by different levels of BAT volume or metabolic activity. Therefore, for every 1°C that the Personal-ET is decreased, BAT volume would explain an increase of approximately 0.0194°C in WT. The relationship between Personal-ET and the WT daily pattern has been widely used in the field of chronobiology (20, 30) . Several studies comparing WT daily patterns in women with obesity versus women with normal weight (31), young versus older men and women (18, 32) , and men versus women (19) have shown worse patterns (higher variability and higher daytime values) of WT in older participants and participants with obesity (33) . These findings are also in accordance with those of human BAT studies, which showed that people with obesity, older people, and men had lower BAT volume and activity (34) . Therefore, we postulate that BAT volume and metabolic activity should be taken into account in further chronobiological studies using WT, especially in those studies that measured WT only as a proxy of the circadian pattern without the inclusion of the Personal-ET. We established this based on the following: (i) the observed mediating role of human BAT volume (and metabolic activity) in the relationship between Personal-ET and WT, (ii) the activation of BAT in cold ambient temperatures (Personal-ET ≤ 20°C), (iii) the fact that those with obesity, older people, and men have lower BAT volume and activity as well as worse patterns of WT, and (iv) the fact that the circadian rhythms and, specifically, the core body temperature rhythms are all controlled by specific neural pathways in the anterior hypothalamus (1). For instance, Martinez-Nicolas et al. (20) studied the mediation role of WT in the relationship between Personal-ET and mean arterial blood pressure in summer and winter, and they postulated that BAT could mediate this relationship. In this study, we show that this hypothesis might be true, although further studies are needed to fully understand the possible mechanisms behind these assumptions.
Mediating role of WT
All the physiological mechanisms of the thermoregulatory system seem to be orchestrated in the preoptic area of the hypothalamus (1). In addition to the peripheral tissues, the temperature of the brain is an input into the thermoregulatory system (35) . One of the hypotheses explaining why human BAT is placed in the cervical and supraclavicular zone is that, as a thermogenic tissue, its main function is to regulate the temperature of the blood going to the brain (36, 37) . Several studies have shown that human BAT activation is related to an increase in the blood flow in BAT (15, 38) . Based on these results, the present study postulates that the increase in BAT activation (blood flow) could result in a redistribution of the blood in the peripheral part of the body during a cold stimulus in order to generate heat, as BAT is highly irrigated (39) .
In warm ambient environments (from 24°C to 28°C), we observed that the higher the Personal-ET is, the higher the WT is, which is associated with lower BAT volume and activity. Therefore, for every hour exposed at 27°C (Personal-ET), WT would increase and explain a decrease of approximately 3.2 mL of BAT volume. The skin has warmth-sensitive neurons specially allocated to perceive warmth exposure (1). However, there is controversy as to which main transient receptor potential (TRP) channel is involved as a warmth sensor, the candidates being TRPV1, TPRV3, TPRV4, and TRPM2 (1). Therefore, there might be participants with higher or greater numbers of TRP channels than others, and this fact could explain why there are different responses to the same stimulus, although further studies are needed. Regardless of the main TRP channel involved, our results suggest that when Personal-ET is high (hot), the body initiates some physiological response in order to preserve core temperature. Thus, the main physiological mechanism involved is induction of a peripheral vasodilation with an inhibition of human BAT (redistribution of blood flow to peripheral regions to dissipate heat) (12) . We also showed that the higher the WT is, the lower the levels of BAT volume and activity (inhibition of this tissue) are. On the other hand, in cold ambient exposure (from 14°C to 19°C), we showed that the lower the Personal-ET is, the lower the WT is, which is associated with higher BAT volume and activity. Therefore, for every hour exposed at 15°C (Personal-ET), WT would decrease and explain an increase of approximately 2.5 mL of BAT volume. In the skin of the peripheral parts of the body, there are also cold-sensitive neurons. These cold-sensitive neurons highly expressed levels of TRP cation channel subfamily M member 8 (TRPM8), which is the primary peripheral cold sensor in the thermoregulatory system (40) . Animal models showed that the inhibition of this sensor inhibited the behavioral and physiological responses to cooling (40) . Taking this into consideration, we can postulate that there are individuals with a more efficient thermoregulatory system against cold stimuli, inducing a higher peripheral vasoconstriction and BAT activation in order to keep the core body temperature constant, which could be explained by a higher sympathetic tone. According to this, it might be possible for people with higher levels of human BAT to have a higher concentration of TRMP8, and it may be that a different polymorphism of the TRMP8 gene is associated with a better response to cold stimuli; however, these hypotheses have not been studied so far.
Mediating role of skeletal muscle
Skeletal muscles are involved in the thermoregulatory responses during cold exposure (6, 11) . Interestingly, we did not observe an effect of skeletal muscle activity (as measured by 18 F-FDG uptake) in the relationship between Personal-ET and WT. This lack of mediating effect does not necessarily mean that skeletal muscle is not involved in cold-induced thermogenesis. This lack of effect might be due to the fact that the cold ambient temperatures were not cold enough to induce skeletal muscle activation or because the 18 F-FDG tracer is not a good marker of skeletal muscle metabolism (6).
This cross-sectional and observational study should be replicated in older participants and using other nuclear tracers such as 15 O-O 2 and [ 11 C]acetate (6) or adenosine perfusion, a vasodilator that seems to active human BAT (25) . Moreover, we know that during sleep phases, humans can lose at least 25% of their total thermoregulatory capacity. Because our aim was to study the mediating role of human BAT over 7 days (even in sleep phases), we kept these analyses as main results, although excluding the sleep phase did not alter the results (data not shown). Moreover, in this study, the levels of clothing during the measurements were not evaluated. Future experimental studies are warranted to elucidate the possible mechanisms behind this efficiency in the thermoregulatory system and new therapies that could be developed to improve this physiological system.
Conclusion
We showed that BAT volume and metabolic activity mediate the relationship between Personal-ET and WT. Moreover, our data support the idea that the individuals who were exposed to lower environmental temperatures, and at the same time had lower WT, concomitantly had higher BAT volume. We also observed the opposite effect when the participants were exposed to warmer temperatures, which indicates a redistribution of the blood flow between the peripheral part of the body and BAT activation/inhibition in order to keep the core body temperature constant. Future interventional studies should try to find strategies to improve the thermoregulatory system and its relationship with metabolic diseases. O
